Escherichia coli
The Escherichia coli dnaC gene is essential for viability; temperature-sensitive alleles display a slow stop or fast stop phenotype for chromosomal DNA replication at the nonpermissive temperature, indicating a function for DnaC protein in the initiation and elongation phases of bacterial chromosomal DNA replication (1) (2) (3) (4) . This replication protein is also required for the propagation of many phage and plasmid DNAs. Indeed, DnaC protein was first isolated based on its requirement for in vitro X174 DNA replication and shown to be required for assembly of the primosome, a multiprotein complex that forms at a specific site on the single-stranded DNA-binding proteincoated X174 single-stranded DNA to form RNA primers at multiple sites on the viral DNA (recently reviewed in Ref. 5 ). In the primosome assembly process, DnaC binds to DnaB helicase to form a complex that is thought to be stabilized by the binding of ATP to DnaC (6) . Once DnaB has become assembled into the primosome, hydrolysis of the ATP bound to DnaC is thought to result in its release from DnaB (7) (8) (9) .
In the initiation process at the E. coli replication origin, oriC, the initial events involve the ordered binding of the replication initiator, DnaA protein, to the four (or perhaps five) DnaA boxes (reviewed in Refs. 10 and 11) . Helix opening of an AT-rich region near the left oriC border then occurs (12) to form a nucleoprotein complex that serves as a structure needed for the assembly of intermediate complexes at each subsequent stage of the initiation process (9) . DnaC in the DnaB-DnaC complex is then proposed to ferry DnaB to the DnaA-oriC complex, and the oriented binding of DnaB is assisted by a physical interaction between the replicative helicase and DnaA protein (13) . The site of entry of DnaB at oriC appears to be at the unwound region, based on the ability of DnaB to bind to naked singlestranded DNA (14, 15) . However, this property of DnaB is insufficient because DnaC is absolutely needed to escort DnaB to oriC (16) . The mechanism involving the transfer of DnaB to this DNA site is poorly understood.
For DnaB to function at oriC or in X174 DNA replication and other physiologically relevant replication systems, it must first be in a complex with DnaC (17) (18) (19) . Formation of the DnaB-DnaC complex is stabilized by ATP that is apparently bound by DnaC (6) , with a stoichiometry of one DnaC monomer per DnaB protomer (17) (18) (19) . After the stable binding of DnaB to DNA, the release of DnaC is thought to be induced by the hydrolysis of the bound ATP (6, 8) . This is a necessary step to unmask the helicase activity of DnaB; when DnaC is bound to the helicase, its unwinding activity is undetectable (6) .
Because DnaB must be in the DnaB-DnaC complex for it to enter at oriC, DnaC has been assigned a delivery role. It is unclear what this delivery function is. The biochemical activities essential for DnaC function are also not well understood.
To learn more about how this indispensable protein acts in DNA replication, we embarked on a genetic approach to obtain novel dnaC alleles in order to study the mutant proteins at the biochemical level. As a beginning, we developed a selection method to obtain novel dnaC mutants that are defective in binding to DnaB. This report describes their isolation and the identification of an N-terminal domain within DnaC that interacts with DnaB protein. Also, mutations in or near the Walker A and B boxes that presumably function in ATP binding were obtained. We expect that mutant proteins in this latter category are inactive in DNA replication because of their inability to bind to ATP, and cannot form a complex with DnaB as a consequence. In other experiments, mutant proteins carrying single amino acid substitutions near the N terminus of DnaC were purified and shown to be inactive in DNA replication because of their failure to bind to DnaB. In contrast, the mutant proteins retained the ability to bind ATP based on ATP cross-linking experiments. These results identify a functional domain of DnaC that is specifically required for binding to DnaB and identify specific amino acid residues important for this interaction.
EXPERIMENTAL PROCEDURES
Strains and Plasmids-E. coli MC1061 (genotype, araD139 ⌬(araleu)7696 ⌬ lacX74 galU galK hsdR2 (r K-m Kϩ ) mcrB1 rpsL (F-) and plasmid-bearing derivatives were routinely grown in Luria-Bertani (LB) medium supplemented, as indicated, with ampicillin (50 g/ml) or kanamycin (40 g/ml). E. coli CT28 -3b (thr-1 ara-14 leuB6 ⌬(gptproA)62 lacY1 tsx-33 glnV44(AS) galK2 -thyA705 rpsL31(strR) xylA5 mtl-1 argE3(Oc) thi-1 dnaC28) was obtained from the E. coli Genetic Stock Center. The expression plasmid pdnaC113 was constructed by insertion of a 997-base pair BamHI fragment carrying the dnaC gene and its natural ribosome binding site into the BamHI site of pING1 to place the dnaC gene under araB promoter control. 1 Expression from the araB promoter is regulated by araC, which is also plasmid-encoded. The second expression plasmid (pINC ssd ) (20) was a gift from Dr. Elliott Crooke at Georgetown University. This plasmid places the translation initiation sequences of bacteriophage T7 gene 10 upstream of the dnaC coding region inserted at the SmaI site of pINGK (20) , a derivative constructed by insertion of the kanamycin resistance gene in a 1.2-kilobase pair PstI fragment into the PstI site of pING1 (21) .
Selection Method for dnaC Mutants-Transformants of MC1061 carrying the mutagenized dnaC gene in the plasmid vector were selected for on LB plates containing kanamycin (50 g/ml) and arabinose (0.5% w/v) (see Table I ). Growth was at 37°C. Colonies were then replicaplated onto LB plates with kanamycin at the above concentration, and isolates that grew up overnight were transferred to nitrocellulose filters by replica plating. To induce dnaC expression, the filters were placed on LB plates supplemented with kanamycin and 0.5% arabinose and incubated for 1.5 h at 37°C. The bacteria adhering to the filters were then lysed in chloroform vapor essentially as described (22) . After placing the filters on Whatman 3-mm paper saturated with 6 M urea followed by a blocking step, DnaC protein was detected with affinity-purified rabbit anti-DnaC antibody shown to be specific for DnaC (data not shown) and then with goat anti-rabbit antibody conjugated to horseradish peroxidase (22) . Luminol provided the chemiluminescent signal to identify those transformants that expressed DnaC at a level comparable to the nonmutagenized dnaC plasmid in MC1061. These were colony-purified and subjected to a second immunoblot analysis performed as stated above to confirm the results. Plasmid DNA was then isolated from these mutants and reintroduced into MC1061. Those transformants that grew with equal efficiency on LB medium with or without arabinose were then analyzed by Western blotting of whole cell lysates to identify those encoding full-length DnaC protein (see accompanying study). Plasmid-bearing transformants that expressed DnaC at a lesser level or produced a truncated form were discarded. The remaining plasmids were purified (Qiagen midiprep) and sequenced by the dye-terminator method using DNA sequencing facilities at Michigan State University or Cornell University. Sequence data was analyzed with Sequencher software.
Mutagenesis-Two mutagenesis methods were used. The first relied on a strain carrying the mutD5 allele. This gene, under control of the trp promoter, encodes a defective epsilon subunit of DNA polymerase III holoenzyme. When expressed, the mutant subunit confers a defect in the 3Ј-to-5Ј exonuclease activity of the DNA polymerase to decrease its fidelity by ϳ10 3 -fold. Consequently, we passaged the dnaC plasmid pINC ssd through the mutD5 strain to introduce mutations into dnaC. Plasmid DNA was then isolated and transformed into E. coli MC1061. As noted in Table II , this approach yielded one dnaC mutation. For all others, error-prone PCR 2 amplification of the dnaC gene was the second mutagenesis method. Taq DNA polymerase was used essentially following the manufacturer's conditions but with 5 mM Mn 2ϩ instead of Mg 2ϩ and a nucleotide bias for cytosine and thymidine under reaction conditions described in Table II that yield a misincorporation rate of 0.66 -2%. Alternatively, error-prone PCR was performed as above but with 1 mM Mn 2ϩ and without the nucleotide bias. After PCR mutagenesis, the amplified fragment was digested with EcoRI and SalI, ligated to the corresponding ends of the vector to place the mutagenized dnaC gene as in pINC ssd , and then transformed into strain MC1061.
Preparation of Whole Cell Lysates and Soluble Extracts-To confirm that elevated expression of DnaC is the cause of lethality, whole cell lysates of the plasmid-containing strains (Table I ) and known amounts of purified DnaC protein were detected by immunoblot analysis essentially as described above. Strains carrying either dnaC expression plasmid were grown in LB medium at 37°C with the appropriate antibiotic to an A 595 nm of 0.6, and then expression was induced by addition of arabinose to 0.5% (w/v). After an additional 1.5 h of growth, the turbidity of each culture was nearly identical (1.56 A 595 nm for MC1061(pINC ssd ), and 1.46 A 595 nm for MC1061(pdnaC113). To determine the relative level of expression, increasing volumes of whole cell lysates were analyzed by Western blotting in comparison to known amounts of purified DnaC protein, and the image from chemiluminescence recorded on Eastman Kodak Co. X-Omat film was analyzed using Kodak's electrophoresis documentation and analysis system with Kodak 1D image analysis software (version 3.5).
Fresh transformants of MC1061 carrying the individual mutant plasmids listed in Table II were grown in 25 ml of LB medium supplemented with 50 g/ml kanamycin at 37°C to an A 595 nm of about 0.6. A portion (1 ml) was removed at this point to serve as a negative control, and arabinose was added to the remainder of the cultures at a final concentration of 0.5% (w/v) to induce dnaC expression. Cultures were incubated for an additional 1.5 h at 37°C with shaking. Whole cell lysates were then prepared by resuspension of the cell pellet from 100 l of culture before and after addition of arabinose in 200 l of Laemmli sample buffer. With most of the remainder of the induced cultures (20 ml), soluble extracts were prepared by resuspension of cell pellets in 200 or 250 l of 50 mM Tris-HCl, pH 7.5, and 10% sucrose (w/v), and then ammonium sulfate to 5%(w/v), Na 2 -EDTA to 20 mM, spermidine-HCl to 20 mM, dithiothreitol to 5 mM, and lysozyme to 200 g/ml were added. The mixtures were incubated on ice for 45 min before addition of Brij 58 to 0.1%. After centrifugation at 20,000 rpm in an SS-34 rotor at 4°C, the supernatants were removed, frozen in liquid nitrogen, and stored at Ϫ70°C. The lysate supernatants (2 l) and whole cell lysates (10 l) were analyzed by Western blotting to identify mutant proteins that were expressed at a level comparable to wild type DnaC protein and were comparably soluble in the lysate supernatants.
Mutant DnaC Purification-E. coli MC1061 (genotype, araD139 ⌬(ara-leu)7696 ⌬ lacX74 galU galK hsdR2 (r K-m Kϩ ) mcrB1 rpsL (F-)) harboring the respective plasmid-borne alleles was grown in LB medium (6 liters) containing 50 g/ml kanamycin at 37°C to an A 595 nm of about 0.6. Arabinose was added to 0.5% (w/v), and the culture was incubated for 1.5 h at 37°C to allow for protein expression. Cell pellets collected by centrifugation were resuspended in 50 mM Tris-HCl, pH 7.5, and 10% sucrose (w/v) to a final A 595 nm of about 250. Soluble extracts were prepared by proportionally scaling up the procedure described above. Protein purification was as described (23) and involved chromatography of the ammonium sulfate precipitate on DEAE cellulose. DnaC protein in the flow-through was chromatographed over blue dextran-Sepharose. On elution with buffer containing a linear gradient from 0.05 to 2 M KCl, DnaC (mutant as well as wild type) eluted at a conductivity equivalent to buffer containing 1 M KCl. DnaC116 (L44P) and DnaC250 (L11Q) required an additional purification step to remove contaminating proteins. The blue dextran-Sepharose fraction for these mutants was chromatographed over a HE2/M Heparin column on a BioCad Sprint system (Perseptive Biosystems). Due to the elevated expression of DnaC, purification was monitored by SDS-polyacrylamide gel electrophoresis. Protein concentration was determined by the dye binding method with BSA as a standard (24) .
Protein Overlay Analysis-Proteins were immobilized on a nitrocellulose filter using a Bio-Rad slot blot apparatus. BSA was from Sigma; E. coli topoisomerase I was purified from an overproducing strain as described (25) . Each filter was then incubated in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , and 1.4 mM KH 2 PO 4 ) plus 2% nonfat milk for 1 h, washed twice with TS/Tween (10 mM Tris-HCl, pH 7.4, 0.154 M NaCl, and 0.05% Tween 20) for 5 min each and then once with binding buffer (40 mM HEPES-KOH, pH 8.0, TrisCl, pH 7.6, 10 mM MgCl 2 , 4 mM dithiothreitol, 1 mM ATP, 0.1 mg/ml BSA, and 4% (w/v) sucrose). Following incubation with DnaB (1 g/ml in binding buffer) for 1 h, the filter was washed once with binding buffer, and three times with TS/Tween. The filter was then incubated with affinity-purified anti-DnaB antibody at a 10 5 -fold dilution in phosphate-buffered saline plus 2% nonfat milk overnight. The following day, the filter was washed three times in TS/Tween, incubated with a 10 4 -fold dilution of goat anti-rabbit horseradish peroxidase (Bio-Rad) in TS/Tween plus 2% nonfat milk for 1 h, washed three more times with TS/Tween, and incubated with the chemiluminescent substrate (SuperSignal, Pierce) for detection on film.
ATP Photocross-linking-Reaction mixtures (20 l) contained 25 mM HEPES-KOH, 0.1 mM EDTA, 2 mM dithiothreitol, 15% glycerol, 50 mM NaCl, 10 mM MgCl 2 , 0.15 M [␣-32 P]ATP (10 Ci), and 200 ng of DnaC protein (wild type or mutant). As a negative control, 200 ng of BSA was used in place of DnaC. Another control reaction contained 200 ng of wild type DnaC incubated with nonradioactive ATP at 0.1 mM in addition to the radioactive ATP. The mixtures were incubated at 30°C for 1 min and then spotted, in duplicate, on a Parafilm-covered aluminum block on ice and illuminated for 15 min under a Westinghouse G15T8 germicidal lamp at a distance of 11 cm. The samples were then recovered; added to 200 l of 10% trichloroacetic acid (w/v), 10 g of BSA, and 10 nmol of ATP and placed on ice for 1 h. Each precipitate was collected by centrifugation at 12,000 ϫ g for 3 min and washed with 200 l of ice-cold acetone. The acetone was aspirated off, and the precipitates were allowed to air-dry. Each sample was resuspended in 15 l of Laemmli sample buffer and boiled for 2 min. With the duplicate samples, one from each pair was electrophoresed on separate 15% SDSpolyacrylamide gels and then stained with Coomassie Brilliant Blue. Each gel should have resulted in identical results. The dried gels were exposed side-by-side to Kodak X-OMAT film with a DuPont intensifying screen at Ϫ70°C. In the preparation of Fig. 7 , the sample of DnaC203 (W32G) was cropped from the scan of one autoradiogram and inserted into the corresponding lane of the autoradiogram from the second gel because the recovery of this particular sample in the second gel was not efficient.
RESULTS

Elevated Expression of dnaC Is
Lethal-Induced dnaC expression by use of an overproducing plasmid is lethal (20) . This effect can be counteracted by co-overexpression of dnaB. These observations complement in vitro studies showing that excess levels of DnaC inhibit oriC plasmid replication and that this inhibitory effect can be neutralized by addition of elevated levels of DnaB or a mutant form of DnaB that is defective in binding to DNA (20, 26) . Apparently, the inhibition caused by excess DnaC is due to its binding to DnaB at the replication fork to impede its activity as a helicase. The counteracting effect of inclusion of excess DnaB is to sequester DnaC into inactive DnaB-DnaC complexes. Under this model, we wanted to select (plasmid-borne) mutations in the dnaC gene that were no longer toxic when expression was induced. Our expectation was that missense mutations would be obtained that encode amino acid substitutions of key residues to render the mutant protein unable to bind to DnaB. Two dnaC expression plasmids were examined. One (pdnaC113) places the dnaC gene and its natural ribosome binding site under araB promoter control in the vector pING1. 1 The second (pINC ssd in the related vector pINGK) also has dnaC under control of the araB promoter, but dnaC is downstream from the ribosome binding site for T7 gene 10 protein (20) . Both vector plasmids are similar in composition, but differ in the drug resistance gene. The expression plasmids also carry araC to repress expression from the araB promoter in the absence of arabinose.
With pINC ssd , induced dnaC expression has been reported to interfere with viability, but this effect was not accurately quantitated (20) . Consequently, we performed a more careful genetic analysis with both dnaC plasmids to determine the background frequency of obtaining surviving colonies under induced dnaC expression and to demonstrate the feasibility of the genetic selection. Examining the plating efficiency of various plasmidcarrying strains, we found that E. coli MC1061 or the same strain harboring a control plasmid (either pING1 or pINGK) grew with comparable efficiency on rich medium with or without arabinose (Table I) . Colony size on both types of medium was similar (data not shown). Plating efficiency with MC1061 carrying the plasmid with dnaC downstream from its natural binding site (in pdnaC113) was reduced over 10 3 -fold (Table I) , and colony size was greatly diminished (data not shown). With the plasmid construct carrying dnaC downstream from a strong ribosome binding site (as in pINC ssd ), viability was reduced by almost 10 8 -fold. In fact, plating of 0.1 ml of a saturated overnight culture gave rise to only six colonies on LB medium supplemented with 0.5% arabinose (Table I) . Because of the low background of colonies obtained on induced expression with this plasmid, it was used to select mutations in dnaC that remained viable under induced conditions. Siegele and Hu (27) reported that the expression from the araBAD promoter was about 90% uniformly induced at 0.1% (6 mM) arabinose. We found that even at 0.05% (3 mM) arabinose, the colonies of MC1061 carrying pINC ssd were pinpoint in size, whereas those of MC1061 bearing pdnaC113 were slightly larger (data not shown). Apparently, even suboptimal induction of dnaC interferes with viability.
To confirm that DnaC levels were elevated on induced expression, quantitative Western blot analysis was performed. DnaC protein was undetectable in whole cell lysates of the host strain lacking a plasmid or carrying the vector (pING1) for the dnaC expression plasmid pdnaC113 (data not shown). The failure to detect DnaC is consistent with our expectation if chromosomally encoded DnaC is at the same abundance as DnaB (10 -20 monomers per cell) (28), a level far too low to detect. 3 For the plasmid (pdnaC113) with dnaC downstream from its natural ribosome binding site, the level of DnaC protein was about 8-fold less than that expressed by MC1061(pINC ssd ) as determined by quantitative immunoblot analysis of whole cell lysates (data not shown). These results indicate that the far fewer colonies arising with the host strain carrying pINC ssd compared with that strain with pdnaC113 when expression was induced is due to higher dnaC expression from pINC ssd .
Selection of dnaC Alleles the Gene Products of Which Are Defective in Interaction with
DnaB-Based on the above findings, we embarked on the selection of novel dnaC mutations that were expected to be defective in interaction with DnaB (see Fig. 1 for a summary of the method). Mutations affecting different functions of DnaC were anticipated. As ATP binding by DnaC is required to form the DnaB-DnaC complex (6), one class is those that fail to bind ATP. Those that bind ATP but fail to hydrolyze it should be lethal and will not be obtained because these proteins should remain tightly bound to DnaB. A second class is those having higher ATPase activity to liberate DnaC from DnaB. The third encodes amino acid substitutions in a domain(s) that binds directly to DnaB. These should be viable because the mutant DnaC protein fails to bind to DnaB to inhibit its activity.
A large collection of mutants was obtained by the genetic selection method. These were then analyzed at the DNA sequence level, and the alleles were separated into those encoding a single amino acid substitution and those that carried more than one mutation (Table II) . In this analysis, we discovered that the sequence of the wild type and all mutant dnaC alleles differs from the reported sequence by substitution of 3 The blotting method was sufficient to detect 10 ng of purified DnaC protein. With the quantity of cells analyzed, DnaC must be at an abundance of several thousand molecules per cell for it to be detected. dAMP at nucleotide 17 with dCMP to change the codon for alanine at position six to aspartate (29) . Nakayama et al. (29) noticed a discrepancy between the predicted amino acid (alanine) at codon 6 based on DNA sequence data and N-terminal amino acid sequence data, which indicated that the sixth residue is aspartate. These investigators speculated that a spontaneous mutation in the dnaC gene had occurred at a step prior to DNA sequence determination. Our observations indicate that the proper amino acid is indeed aspartate, in accord with their protein sequencing data. N-terminal dnaC Alleles Carry Amino Acid Substitutions in Predicted ␣-Helices-To assist in the analysis of the dnaC mutations, we performed an alignment of dnaC homologs and used an algorithm (PHD method) to obtain a proposed secondary structure of DnaC protein (Fig. 2) . The majority of the mutant proteins that carry single amino acid substitutions map near the N terminus of the dnaC coding region. These substitutions reside in predicted ␣-helical structures in a region distant from the Walker A and B boxes (30, 31) . Some of the substituted amino acids are prolines. Perhaps particular mutant proteins are impaired in binding to DnaB because the respective proline substitutions disrupt ␣-helical structures involved in this interaction. Other single substitutions (H114G, H114R, and S101I) are near the Walker A box. Because the Walker boxes of DnaC are presumably involved in ATP binding, we expect that they are defective in ATP binding and hence cannot bind stably to DnaB.
Identification of Mutant Proteins That Accumulated in Inclusion Bodies upon Elevated Expression-
To confirm the expectation that the mutant proteins are unable to form a stable complex with DnaB, we purified representative mutant proteins for their biochemical study. As a prelude, experiments were done to identify mutant proteins that were overproduced as well as DnaC ϩ protein and were not proteolytically degraded. We also wanted to identify and set aside mutant proteins that accumulated in inclusion bodies when overexpressed because they would not be straightforward to purify and would require steps of denaturation and proper refolding. Western blot analysis of whole cell lysates and lysate supernatants showed that some plasmids expressed mutant proteins at a level comparable to the wild type control (MC1061 harboring the dnaC ϩ expression plasmid), as judged from their abundance in whole cell lysates (see Fig. 3 for a representative example). However, the respective proteins were either not detected or present at negligible levels in lysate supernatants, indicating that the mutant proteins were aggregated in inclusion bodies. The majority of the mutant proteins that carry a single amino acid substitution were as soluble as wild type DnaC protein in this assay. Several bearing substitutions near the N terminus were arbitrarily chosen for further study and were purified by established methods (Fig. 4) . Other alleles that encode more than one substituted amino acid are difficult to interpret. Nevertheless, many carry substitutions affecting amino acids near the N terminus, or in or near residues of the Walker A and B boxes. The mutations of these alleles may be separated to examine the respective phenotypes of individual mutations. It is conceivable that some alleles may not be lethal because the mutant proteins form insoluble aggregates that may not have the opportunity to bind to DnaB. This possibility needs additional experimentation that establishes the level of mutant protein available in soluble form on induced expression and the minimal level of induced dnaC ϩ expression that interferes with viability. Our unpublished observations indicate that 2-5% of DnaC protein expressed from pINC ssd remains in soluble form after lysis, with the vast majority of DnaC pelleting with the cell debris. 4 For a protein such as S101I, it is not clear if the lack of toxicity associated with its expression is due to the level of soluble protein available or the mutation itself. Mutant proteins that remain soluble or accumulate in inclusion bodies are indicated in Table II .
Mutant Proteins Bearing Amino Acid Substitutions near the N Terminus Are Inactive in DNA Replication-The replication activity of the mutant proteins was measured with an M13
derivative carrying a DnaA box in a hairpin structure (13, 32) . DNA replication with this single-stranded DNA bound by single-stranded DNA-binding protein is dependent on DnaA protein bound to the DnaA box hairpin that is then bound by the DnaB-DnaC complex. Once DnaC is released, primase can then interact with DnaB to lay down RNA primers for subsequent extension by DNA polymerase III holoenzyme, converting the single-stranded DNA to duplex form. In this assay, the mutant proteins were inert (Fig. 5) . By comparison, DnaC ϩ was active in supporting DNA replication on this template DNA. The inactivity of the mutant proteins in this assay is consistent with the expectation of their inability to form the DnaB-DnaC complex, a required step in the transfer of DnaB onto the single-stranded DNA.
DnaC Mutants Are Defective in Binding to DnaB by Protein Overlay Analysis-A protein overlay method was used to confirm that the mutant proteins are unable to bind to DnaB (Fig.  6 ). Increasing amounts of the wild type or mutant proteins were immobilized on a nitrocellulose filter. BSA and E. coli topoisomerase I served as negative controls. DnaB immobilized FIG. 1. Selection method for dnaC alleles. Mutant proteins defective in interaction with DnaB were obtained by the selection procedure that relied on the lethal effect of elevated dnaC expression on viability. Surviving isolates were then screened as described under "Experimental Procedures." on the membrane was the positive control for the method to detect DnaB bound to wild type or mutant DnaC. The blocked membrane was incubated with DnaB and, after the membrane was washed, DnaB was visualized by enhanced chemiluminescence. These results show that the substitution of several specific amino acids (R10P, S41P, L11Q, and L29Q) renders DnaC unable to bind to DnaB. Other substitutions (L44P and W32G) are substantially reduced in this activity.
DnaC Mutants Are Active in ATP Binding-DnaC binds ATP as demonstrated by equilibrium gel filtration and fluorescence titration (6, 33) . Its weak affinity for ATP (10 Ϫ5 M Ϫ1 ) precludes an assay of nitrocellulose filter retention, but UV cross-linking has been used to show this activity (34) . Because the locations of the amino acid substitutions of the selected mutant proteins are remote from the Walker A and B boxes, we expected that ATP binding activity would not be perturbed. By UV crosslinking with radiolabeled ATP and the same amounts of mutant or wild type DnaC protein, comparable levels of crosslinked ATP were observed (Fig. 7) . With the wild type protein, inclusion of a little over a 600-fold excess of unlabeled ATP (at 0.1 mM) abolished the cross-linking of radioactive ATP, indicating that the ATP binding assay is specific. BSA as a negative control showed no cross-linking to the radioactive ATP. These results show that the defect of the mutant proteins in binding to DnaB is restricted, and does not affect other biochemical activities such as ATP binding. Furthermore, these observations suggest that specific amino acids in DnaC protein are involved in binding to DnaB because substitution of the respective residues greatly reduces this interaction.
Alleles Encoding Amino Acid Substitutions Near the N Terminus Are Unable to Complement a dnaC28(Ts) Mutant-To
confirm that several selected mutant proteins carrying single amino acid substitutions near the N terminus were functionally defective, we tested whether the corresponding alleles could complement the temperature-sensitive phenotype of a dnaC28 mutant. This allele results in an immediate stop to chromosomal DNA replication when cells are shifted to the nonpermissive temperature (1-4) . Complementation was measured in the absence of induction. Summarized in Table  III , the transformant carrying the vector alone (pINGK) failed 
a Nucleotide substitutions indicate the natural base, its position in the coding region relative to the start of the dnaC gene, and the substituting nucleotide.
b These alleles encode proteins that accumulate in inclusion bodies when expression is induced. See under "Experimental Procedures" for the method leading to this determination. to complement the dnaC28 defect, whereas the plasmid carrying wild type dnaC was effective. By comparison, plasmids encoding single missense mutations were unable to complement the temperature-sensitive defect. These results confirm that the mutant proteins are functionally defective at the nonpermissive temperature, consistent with the expectation that they bind poorly to DnaB. However, the defect is not absolute. The difference in plating efficiency of the dnaC28 strain carrying the vector to it bearing the different mutant alleles suggests that the mutant proteins retain a low but detectable level of activity.
DISCUSSION
An N-terminal Domain and ATP Binding of DnaC in DnaBDnaC Complex
Formation-DnaC protein is required for duplication of the bacterial chromosome at the step of initiation at oriC and also for the restart of stalled replication forks through a PriA-dependent pathway (reviewed in Ref. 35 ). The quickstop phenotype for DNA replication of some dnaC mutants suggests that DnaC also participates in sustaining replication fork movement after the replication fork machinery has been assembled at oriC (1, 2, 4) . From biochemical studies, this protein forms a complex with DnaB protein in a process that also requires the binding of ATP to DnaC (6) . As DnaB must be in a complex with DnaC for the helicase to become stably bound to DNA, DnaC has been assigned a delivery role. It is not known how DnaC guides DnaB onto the DNA. Because of the limited information on the biochemical activities of DnaC, we sought to obtain novel dnaC alleles to learn more about its function. The alleles we obtained that encode a single amino acid substitution can be separated into two classes (Table II; also see "ATP Binding," below). One class is represented by missense mutations affecting selected amino acids from residues 10 -70 near the N terminus. Representative mutant proteins carrying substitutions in this region fail to bind to DnaB, so the respective amino acids in this functional domain are apparently involved in binding to this helicase. Several mu- tants (R10P, S41P, L44P, and A43P) bear proline substitutions of residues that lie in predicted ␣-helices. Perhaps these disrupt essential secondary structures to interfere with DnaB binding. Prolines are generally not found in ␣ helices and ␤ strands because of their restricted conformational freedom, and the absence of an NH group to participate in hydrogen bonding. However, in secondary structures bearing proline, this residue can increase the stability of the protein because of its restricted conformational freedom.
Hexameric DnaB alone or bound to DnaC has been examined by cryoelectron microscopy and image analysis (36, 37) . Results show that the conformation of the DnaB hexamer has 3-fold and 6-fold symmetry and with a central cavity through which the single-stranded DNA most likely passes when the enzyme is bound to DNA (37) . In the DnaB-DnaC complex, DnaC binds to the conformation with 6-fold symmetry. Image reconstruction shows that DnaC binds to the top of one of the two faces of the DnaB hexamer. Our findings provide molecular insight into the nature of this interaction, implicating specific residues of DnaC in its interaction with DnaB. Because the binding of ATP to DnaC and nucleotide hydrolysis are required for the respective steps of DnaB binding and DnaC release, it seems that this N-terminal domain must undergo a change in conformation by itself or relative to its orientation to the rest of DnaC protein from a state that is active for binding to one that sponsors release. Further study is needed to understand the biochemistry of this essential replication protein.
Comparative Analysis of DnaC Protein from Other Bacteria-Amino acid sequence alignment of nine dnaC homologs from diverse eubacterial species was performed (Fig. 2) . This alignment reveals that amino acids in the N-terminal region are not highly conserved, raising the possibility that formation of the DnaB-DnaC complex among dnaC homologs from mixed species is limited because of specific residues in this region. Consistent with this notion, it is known that the Salmonella typhimurium and E. coli dnaC genes are crosscomplementary in restoring the growth of temperaturesensitive dnaC mutants of either species at the nonpermissive temperature and in an in vitro complementation assay (38, 39) . The amino acids of DnaC (Leu-11, Phe-23, Leu-29, Trp-32, Ser-41, and Leu-44) known or expected to abolish binding to DnaB when substituted are conserved between S. typhimurium and E. coli homologs. We expect that these mutant proteins are defective in binding to S. typhimurium DnaB.
The alignment (Fig. 2) also reveals that the C-terminal half of DnaC is fairly highly conserved. Those amino acids displayed in red boxes are strictly conserved, suggesting their functional importance. Some of these compose the Walker A and B boxes that in other nucleotide-binding proteins function in nucleotide binding. Based on the conservation of residues in these motifs of DnaC, we expect that these residues function in ATP binding.
ATP Binding-Substitutions in or near the Walker A box compose the second class. Both DnaC and DnaB bind nucleotides, but it is thought that ATP bound to DnaC stabilizes the DnaB-DnaC complex (6, 33, 40 -42 ). This conclusion is based on the following. DnaB helicase activity is supported by ATP as well as other nucleoside triphosphates, but the DnaB-DnaC complex forms only with ATP or dATP. The nucleotide specificity is the strongest evidence supporting the opinion that it is DnaC in the complex that binds ATP. The release of DnaC from the DnaB-DnaC complex by ATP hydrolysis is inferred based on the retention of DnaC in prepriming complexes formed with the nonhydrolyzable analog, ATP␥S, whereas it is not retained with ATP (6, 7, 9) . Our results suggest that some mutants fail to bind to DnaB based on the expectation that mutations affecting residues in the Walker A and B boxes reduce ATP binding. These observations provide further support for the model that DnaB-DnaC complex formation requires the binding of ATP to DnaC and that the release of DnaC involves nucleotide hydrolysis.
Nucleotide binding by DnaC has recently been examined using quantitative methods by Galletto et al. (33) . These workers observed that DnaC binds ATP and ADP specifically and with comparable affinity. Other nucleotides are bound poorly, confirming previous observations (6) . The form of DnaC protein used in the cited study (33) carried an alanine substitution for aspartate at the sixth residue from the N terminus. We determined that the natural residue at this position is aspartate (Fig. 2) Ϫ1 determined by equilibrium gel filtration (6) . The alanine substitution apparently has little if any effect on nucleotide binding, consistent with the notion that this part of the protein does not contribute to the nucleotide binding pocket. Also, this aspartate residue is not conserved among dnaC homologs, so the substitution appears to be benign.
Similarities between DnaC Protein and P Protein-Nakayama et al. (29) noted a degree of amino acid similarity in portions of DnaC and P protein near their N termini. Because both proteins form a complex with DnaB, they speculated that the respective regions are involved in complex formation. Our results show that this region of DnaC is important for it to bind to DnaB. However, the P-DnaB complex appears to be more stable than the DnaC-DnaB complex (43) . This firm attachment allows P protein to appropriate DnaB to the origin, a form of molecular thievery. The identification of specific amino acids in the N-terminal region of P protein to confer its higher affinity for DnaB is important in understanding this process.
DnaC and MCMs-Minichromosome maintenance (MCM) proteins are essential for initiation of DNA replication in yeast. MCM4, MCM6, and MCM7 human counterparts assemble as a heterohexamer having DNA-dependent ATPase and 3Ј-to-5Ј helicase activities (44) . Under a model proposing that these MCM proteins function to unwind the parental DNA as the replication fork advances, these proteins appear to move with the DNA polymerases during DNA replication (45) . These properties are strikingly similar to those of E. coli DnaB, which suggests that they are functional homologs. When MCM2 or the MCM3-MCM5 dimer is added to the complex composed of MCM4, MCM6, and MCM7, helicase activity is inhibited (44, 46 -48) . The MCM proteins that appear to act in a regulatory manner appear similar in behavior to DnaC in its suppression of the helicase activity of DnaB when in the DnaB-DnaC complex. If MCM2 and/or the MCM3-MCM5 dimer are functionally equivalent to DnaC protein, the mechanisms whereby these proteins modulate the activity of respective replicative helicases is important in our understanding of chromosomal DNA replication. 
